Background: RSK2 alters cell migration and metastasis, but the mechanism is incompletely understood. Results: RSK2 inactivates integrins, increases filamin binding to integrin tails, alters actin distribution, increases migration, and decreases fibronectin matrix assembly. Conclusion: RSK2 mediates inactivation of integrins and thus modulates integrin functions. Significance: These findings provide a novel mechanism by which RSK2 affects migration and may lead to more selective ways to inhibit RSK2-dependent metastasis.
conformations: Bent-Closed (or low affinity), Extended-Closed (intermediate affinity), and Extended-Open (high affinity) (5) . There are 18 distinct ␣-subunits and 8 ␤-subunits that can form up to 24 different heterodimers that interact with various extracellular matrix proteins.
Integrin activity and function is controlled by inside-out signaling. Several members of the Ras family of small GTPases regulate inside-out pathways that modulate integrin affinity. They activate or inactivate integrins depending on the GTPase involved and the cell type. For example in fibroblasts R-Ras activates integrins (6) , whereas the related GTPase, H-Ras, suppresses activation of integrins in a transcription-independent manner (7) . H-Ras also modulates integrin-mediated cell migration and fibronectin matrix assembly by initiating the Raf/ERK MAPK signaling cascade (6 -9) . The exact mechanism by which integrin activation is controlled continues to be an area of intense research focus. Although the mechanism of integrin activation by Rap through talin has been well worked out, the mechanism by which H-Ras inactivates integrins remains less clear. H-Ras suppresses integrin affinity for ligand via its downstream effector, the serine/threonine kinase Raf-1, in a transcription-independent manner (7). However, this suppression does not require activation of ERK1/2 MAP kinase, nor is it reversed by an inhibition of ERK1/2 activation (10). These results raise the question of whether Raf can activate ERK-independent pathways to inhibit integrin activation.
RSK2 is a substrate of ERK and mediates several of the biological functions of the Ras/MAP kinase pathway, such as regulation of cell cycle, differentiation, survival, and proliferation. The regulation of RSK activity is complex and requires phosphorylation at several sites by a variety of kinases in addition to autophosphorylation (11, 12) . RSK has numerous substrates, including ones that affect cell motility, survival, proliferation, and growth (11, 13) . RSK2 is overexpressed in both breast and prostate tumors and promotes proliferation in these cells (11, 14) . It can also promote cell invasion and metastasis in head and neck cancers in addition to lung cancer in part through transcriptional mechanisms (13, 15, 16) . However, the mechanisms underlying these functions are just beginning to be identified. RSK is clinically relevant in several human diseases, including cancer (17) (18) (19) and Coffin-Lowry syndrome (20) . Several RSKspecific small molecule inhibitors are available that provide useful tools to better understand its function and determine its suitability as a target for clinical applications.
Integrin function is regulated by the association of a number of integrin-binding proteins that interact with the cytoplasmic tails. These include talin, filamin, and kindlins among others. Filamin A is an integrin-and actin-binding protein that serves as a scaffold for multiple proteins, including H-Ras, and may thereby mediate their signaling to integrins (21, 22) . Alternatively, talin is another integrin and actin-binding cytoskeletal protein that mediates the final step in integrin activation (23) (24) (25) (26) . The kindlin family also appear to be required in some instances (27) . Nevertheless the head domain of talin in isolation can activate a single integrin dimer, strongly supporting a direct role for talin in integrin activation (28) . Interestingly, NMR studies revealed an autoinhibitory interaction between the talin rod and talin head domains that prevents it from binding to integrins (29) . Thus, other proteins may be required to activate the release of the talin head domain from its autoinhibitory interaction with the talin rod domain and thereby activate integrins.
RSK2 functions downstream of Ras/Raf and can modulate cell migration and metastasis; we therefore investigated its role in the regulation of integrin activation and function. We report that RSK2 inactivates integrins and mediates Ras-dependent integrin suppression. The suppressive effect RSK2 has on integrin activation modulates integrin function. RSK2 impairs cell adhesion and integrin-mediated fibronectin matrix assembly and promotes cell motility. Active RSK2 appears to affect integrins by reducing actin stress fibers and disrupting focal adhesions. Furthermore, RSK2 co-localizes with talin and is present in a complex at integrin cytoplasmic tails. It is thereby in a position to modulate talin integrin activation and filamin effects on migration. Indeed, we show that RSK2 phosphorylates filamin and that this leads to increased filamin association with the integrin tails. The effect of RSK2 on filamin binding to integrins therefore corresponds to its effects on integrin activation. Moreover, RSK2 is activated in response to integrin ligation to fibronectin. This suggests that RSK2 could participate in a feedback loop controlling integrin adhesion and migration. Thus, RSK2 is a novel regulator of integrin activity downstream of Ras. RSK2 regulation of integrin activity may therefore contribute to its enhancement of tumor cell migration and metastasis. Hence, RSK2 signaling to integrins might provide novel drug targets in antimetastasis therapies.
EXPERIMENTAL PROCEDURES

Antibodies and Reagents
We obtained the antibodies described in this work from the following sources: RSK2 (Santa Cruz Biotechnology, sc-1430), p-RSK2 S227 (BIOSOURCE, A8172), p-RSK2 Y529 (Cell Signaling, 9324S), p-RSK2 S386 (BIOSOURCE, A8545), ERK (Santa Cruz Biotechnology, 93), p-ERK (Cell Signaling, 4370), Fibronectin (Santa Cruz Biotechnology, 9068), vimentin (Sigma, V5225), filamin A (Cell Signaling, 4762; Abcam, ab51217), Ser(P)-2152-filamin A (Cell Signaling, 4761), actin (Santa Cruz Biotechnology, sc-1615), talin (Sigma, T3287), talin-head domain (Santa Cruz Biotechnology, 15336), HA-probe (Santa Cruz Biotechnology, sc-805), and tubulin (Santa Cruz Biotechnology, sc12462-R and sc-322293). The RSK inhibitors used are FMK (courtesy of J. Taunton, University of California San Francisco) and SL0101-1 (Tocris, 2250). The following cDNA constructs were also used where described: c-RafBXB-T481A (courtesy of M. White, University of Texas Southwestern), DA H-Ras (H-RasG12V) (courtesy of C. Der, University of North Carolina, Chapel Hill), HA-RSK2, DA-RSK2 (RSK2-Y707A), and DN-RSK2 (K100A) (courtesy of T. Sturgill, University of Virginia), integrin cytoplasmic tails (courtesy of M. Ginsberg, University of California San Diego), and HA-talin (courtesy of D. Calderwood, Yale University).
Cell Culture and Transfections
HeLa and CHOK1 cells were purchased from the American Type Culture Collection (Manassas, VA). Human prostate cancer cells (DU-145) were obtained from the DCTD Tumor Repository of the National Cancer Institute (Frederick, MD). Human mesothelioma cells (MILL) were a kind gift from Dr. H. Yang (University of Hawaii Cancer Center). HeLa, CHOK1, and MILL cell lines were cultured in DMEM containing L-glutamine (HyClone Thermo Scientific, Fair Lane, NJ) supplemented with 10% fetal bovine serum, nonessential amino acids, and antibiotics. DU-145 cells were cultured in RPMI supplemented with the additives mentioned above. Standard transient transfections for all cell lines were conducted using Genejuice (EMD Millipore), Lipofectamine 2000, or Lipofectamine (Invitrogen) according to the manufacturer's directions.
Lentiviral Knockdown of RSK2
RSK2 shRNA lentiviral particles (sc-36441-V) and control shRNA lentiviral particles (sc-108080) were obtained from Santa Cruz Biotechnology Inc. HeLa cells were plated in 12-well dishes 24 h prior to lentiviral infection. The cells were infected the following day with 100,000 infectious units of lentiviral particles/well in complete cell culture medium containing 5 g/ml Polybrene (Santa Cruz, sc-134220). The control shRNA lentiviral particles served as a scrambled negative control that will not lead to specific degradation of any cellular mRNA. 48 h post-infection, the cells were split 1:5 and selected for cells stably expressing shRNA for the knockdown of RSK2. Selection media contained 4 g/ml Puromycin dihydrochloride (Santa Cruz, sc-108071) and was replaced every other day. The cells were monitored for 14 days and then subjected to further experimental analysis. Knockdown of RSK2 was verified by immunoblotting.
Immunoblotting
The cells were lysed with ice-cold M2 lysis buffer (20 mM Tris-HCl, pH 7.6, 250 mM NaCl, 0.5% Nonidet P-40, 5 mM EDTA, 3 mM EGTA, 20 mM sodium phosphate, 20 mM sodium pyrophosphate, 3 mM ␤-glycerophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride) containing complete protease inhibitor mixture (11836153001; Roche Applied Science). Cell lysates were cleared by centrifugation. Protein concentration was measured using the BCA assay kit (Pierce). Equal protein concentrations of cell lysates were resolved on SDS-PAGE. After electrophoresis, the proteins were transferred to PVDF (Millipore Corp., Bedford, MA) and immunoblotted. The membranes were blocked for 1 h with blocking buffer (5% milk with PBS-T) and then incubated with appropriate antibodies. The membranes were washed and incubated with horseradish peroxidase-conjugated secondary antibodies. Immunoblots were visualized by ECL (PerkinElmer Life Sciences). Alternatively, immunoblots were prepared with secondary antibodies conjugated to infrared fluorochromes and visualized via the Odyssey infrared imaging system (LI-COR Bioscience).
Integrin Activation and Flow Cytometry (PAC-1 and Fn9.11 Assays)
The activation state of endogenous ␤1 integrin in response to transient transfection of the indicated cDNAs was assessed by three-color FACS assays as previously described (30, 31) . Briefly, 24 -48 h after transfection, the cells were harvested and analyzed for transfection efficiency (GFP) and the binding of chimeric ␣ IIb ␣6A␤3␤1 integrin to PAC-1 antibody (Becton Dickinson, 340535) (see Fig. 1 , A and 1B) or integrin ␣5␤1 binding to 3FN-(9 -11) fusion protein (see Fig. 1C ). For each transfection, the harvested cells were divided into three tubes. The three preparations were used to assay for binding to ligand alone or binding in the presence of integrin inhibitor (Ro43 or 10 mM EDTA) or carried out in the presence of integrin activator (Ab33 or 10 mM MnCl 2 ). Activated integrins bound to PAC-1 or 3FN-(9 -11) were detected with secondary antibodies conjugated to fluorochromes as indicated (eBioscience, 12-5990-1; Invitrogen, S868, respectively). All incubations and washes were carried out using 1ϫ Tyrode's buffer (10 mM HEPES, 10 g of NaCl, 1.015 g of NaHCO 3 , 0.195 g KCl, 1 mg/ml dextrose, 1 mg/ml bovine serum albumin, 1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.4). Propidium iodine (1 ng/g) was added to each sample for the last 5 min. The samples were washed once before analysis. Gating was set such that only living (propidium iodine negative) cells expressing GFP were examined for PAC or 3FN-(9 -11) binding. Integrin activation was quantified as an activation index, previously defined as 100 * (F Ϫ 
Cell Adhesion
An Immulon-2 96-well plate was precoated overnight with fibronectin or laminin as indicated. The uncoated sites on the plate were blocked with 2% heat-inactivated BSA for 2 h at room temperature, and the plate was washed with serum-free DMEM. Even numbers of cells were plated in ϳ100 l and incubated 1 h at 37°C in tissue culture incubator. The wells then were washed with a low shear washing method until BSAcoated control wells did not have any adherent cells left. To determine 100% of cells for quantification, some wells were not washed before fixing with glutaraldehyde for 20 min. For experimental cells, after the last wash, the cells were fixed in 100 l of 2% glutaraldehyde (in PBS) for 10 min. The fixative was then aspirated, and the wells were air-dried for 5 min before incubation with 0.5% crystal violet solution for 45 min. The wells were then washed three times 200 l of PBS and allowed to air dry. The cells were then solubilized in 100 l of 10% acetic acid for 30 min. Signal development was examined at 560 nm by a UVvisible spectrophotometer.
Fibronectin Matrix Assembly
The cells were plated on glass coverslips and co-transfected with the indicated cDNA and GFP (as a transfection marker). 24 h after transfection, human plasma FN 4 (100 g/well) was added with the media and incubated for 24 h at 37°C. The cultures were washed with 1ϫ PBS and fixed in 4% paraformaldehyde and 10 mM sucrose, pH 7.4, for 30 min at room temperature. The cells were incubated with 3% BSA/PBS for 30 min, stained with a polyclonal rabbit anti-human FN antibody (Santa Cruz Biotechnology) for 1 h, and washed three times in PBS, followed by goat anti-rabbit rhodamine-labeled IgG secondary antibody (Sigma-Aldrich). Coverslips were mounted with Fluormount-G mounting media and immunofluorescence analyzed using a Zeiss Axiovert 200M inverted microscope. Quantification of fibronectin matrix was determined as previously described (32, 33) . Briefly, transfected cells were cultured in 6-well culture plates. After 24 h, the culture media was replaced with medium containing human FN (100 g/ml). The cells were cultured for a further 35 h and washed twice with PBS, scraped into deoxycholate (DOC) buffer (1% sodium DOC, 2 mM N-ethylmaleimide, 2 mM iodocetic acid [sodium salt], 2 mM EDTA, 2 mM PMSF, and 20 mM Tris-HCl, pH 8.5) on ice. Insoluble material was collected by centrifugation at 20,000 ϫ g for 20 min at 4°C. The DOC insoluble material was washed once in DOC buffer, resuspended in 5ϫ Tris-glycine SDS sample buffer, heated to 95°C, and run on a Bis-Tris gel. After immunoblotting onto PVDF, the membranes were blocked (5% nonfat dry milk, 0.1% Tween 20 in 1ϫ PBS, pH 7.4) and probed with a human anti-FN antibody. Binding was visualized using the ECL system. The same membranes were reprobed with antivimentin antibody. Additionally, quantification of assembled matrix detected in the immunofluorescence study was performed using ImageJ WCIF image analysis software (n ϭ 6).
Cell Migration Assays
Transwell Assay-The lower sides of Transwell filters (8.0-m pore size; Costar) were coated overnight at 4°C with 10 g/ml human plasma fibronectin. The cells were plated on the uncoated topside of the filters in incomplete DMEM, whereas the bottom chamber was filled with complete DMEM and 10 ng/ml EGF. The cells were incubated for the indicated time at 37°C. The uncoated topside of each filter was then swabbed with a cotton tip applicator to remove cells that had not migrated through. The remaining cells were fixed with 2% glutaraldehyde for 30 min. To detect ␤-galactosidase activity in only the transfected cells that had migrated through the filters, cells on the bottom side of each filter were stained overnight in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) buffer overnight at 37°C. Alternatively, migrated cells were stained with Calcein-AM (Sigma-Aldrich). After the assay incubation time, cell culture medium from the lower compartment was replaced with serum-free medium supplemented with 8 M Calcein-AM and incubated for 45 min at 37°C. After the staining step, the cells were detached from the bottom side of the inserts by trypsinization. Migration was quantified by counting the ␤-galactosidase-stained cells under a bright field microscope or by measuring the fluorescence emission of Calcein-AM at 520 nm upon excitation at 485 nm with a fluorescence plate reader (PerkinElmer Life Sciences).
Scratch Assay-HeLa cells were transiently transfected with activated RSK2 or control vector. Alternatively, the cells were treated with FMK or control carrier. After 24 h, the cell monolayer was scratched with a micropipette tip. The closure of the scratch was followed using a Zeiss Axiovert 200M inverted microscope. The number of cells that migrated into the scratch within 24 h was counted under phase optics. The relative scratch filling rate was calculated as a ratio of the number of cells that migrated into the scratch to the number of migrating control cells.
Viability Assay
The cells were treated with 100 M SL0101-1, 20 M FMK, or carrier control for the time indicated and then subjected to a cell viability assay using the XTT cell proliferation kit (Roche Applied Science) according to the manufacturer's instructions. The cells were seeded at a concentration of 5 ϫ 10 4 /well in a 96-well plate. Cultures were incubated at 37°C in 50 l of XTT labeling mixture for 4 h. Absorbance of the samples at a wavelength of 492 nm was determined using an ELISA plate reader with a reference wavelength of 690 nm.
Immunofluorescence
The cells were plated on glass coverslips 24 h prior to transfection with the indicated cDNAs using Lipofectamine2000 (Invitrogen). 48 h after transfection, the cells were fixed with 4% paraformaldehyde, permeabilized, and blocked. The cells were then stained with the indicated antibodies. Actin was detected using a rhodamine phalloidin dye (Invitrogen). For talin detection, HeLa cells were lifted at 24 h post-transfection and allowed to re-adhere to coverslips coated with 10 g/ml fibronectin. Fluorescence microscopy was performed on a Zeiss Axiovert 200M with a 100ϫ Oil objective. Confocal imaging was performed on a Leica TCS SP5 with 63ϫ oil objective (Leica, Solms, Germany). Additionally, quantification of actin cytoskeleton rearrangement and focal adhesion formation detected in the immunofluorescence study was performed by a blind study and is presented as a percentage of cells showing an altered staining pattern (n ϭ 85 for actin stained samples).
Integrin Tail Pulldowns
Recombinant, His-tagged human integrin cytoplasmic tail model proteins were produced and purified as previously described (34, 35) . Binding assays using recombinant integrin cytoplasmic tails bound to His-bind resin (Novagen) were performed as previously described (34, 35) . Briefly, CHOK1 cells were transfected with the indicated DNA using Lipofectamine2000 (Invitrogen), and the cells were harvested 24 -48 h later and lysed with XP lysis buffer. Cell lysates were incubated with integrin tails bound to beads for 24 h, washed, resuspended in SDS sample buffer, heated for 5 min at 95°C, and analyzed for binding by SDS-PAGE. The lysate lanes in the immunoblotting images represent 2.5 or 5% input of total lysate protein amount mixed with the integrin tails and serve as references for the relative protein amounts used in the assay.
In Vitro Kinase Assays
In vitro kinase assays were performed as follows. Briefly, 10 g of substrate was incubated with 100 ng of active RSK2 (SignalChem), and 1.25 nmol of ATP in 1ϫ kinase buffer (Cell Signaling) or 0.8 Ci/l [␥-
32 P]ATP (PerkinElmer Life Sciences) with 1.25 nmol of ATP in 3ϫ kinase buffer. The kinase reactions were carried out at 30°C for 30 min and then terminated by addition of SDS sample buffer. Kinase substrates were prepared as follows: HA-talin (Santa Cruz HA[Y-11]) was immunoprecipitated from lysates prepared from CHOK1 cells that had been serum-starved (0.5% FBS) for 24 h. The complexes were precipitated by incubation with protein A/G-agarose beads (Santa Cruz), collected, and washed with radioimmune precipitation assay buffer. Wild-type and mutant filamin A (courtesy of John Blenis, Harvard University) were purified as GST fusion proteins from Escherichia coli (BL21[DES]) as previously described (36, 37) .
Outside-in Signaling upon Integrin Binding to Ligand
Tissue culture plates were coated with 15 g/ml fibronectin for 24 h at 4°C. CHOK1 cells were grown to confluence. The cells were lifted from the dish with nonenzymatic cell dissociation buffer (Invitrogen) and allowed to adhere to fibronectincoated cell culture plates for 0 min, 5 min, 15 min, 30 min, 1 h, or 2 h. The cells were washed with 1ϫ PBS and lysed with M2 lysis buffer. The cell lysates were cleared by centrifugation. Protein concentration was measured by BCA assay kit (Pierce). Cell lysates were resolved on SDS-PAGE and characterized by immunoblotting.
RESULTS
RSK2 Inhibits Integrin Activation and Impairs Cell Adhesion-
H-Ras-and Raf-dependent inactivation of integrins does not require ERK1/2 activity (10) . Surprisingly a Raf mutant that cannot bind MEK or activate ERK1/2 can still affect transcription and RSK activity (38) . We therefore examined whether this activated Raf mutant (c-Raf-BXBT481A) could suppress integrin activation in CHO cells. Indeed, we observed suppression of integrin activation (Fig. 1A) that was similar to cells transfected with oncogenic H-Ras (H-RasG12V; Fig. 1B) . We therefore investigated the effects of RSK2 activation on integrins. We found that transfection of a dominant active form of RSK2 (RSK2-Y707A) also suppressed integrin activation to a similar level as H-Ras (Fig. 1B) . Moreover, H-Ras suppression of integrin activity was abrogated by co-expression of dominant-nega- DECEMBER 21, 2012 • VOLUME 287 • NUMBER 52 tive RSK2 (Fig. 1B) or by RSK2 inhibitors (Fig. 1E ) in CHO cells. We alternatively investigated whether stable knockdown of RSK2 altered integrin activity in the cervical cancer HeLa cell line. Indeed knockdown of RSK2 caused a significant increase in integrin activation in these cells, and this was rescued by expression of wild-type RSK2 (Fig. 1C ) Importantly, the suppressive effect of active RSK2 on integrin activation also impaired integrin-mediated cell adhesion to fibronectin, which was inhibited ϳ3-fold by the dominant active RSK2 (Fig. 1F) . These findings confirm that RSK2 inactivates integrins and is a principal mediator of Ras signaling to integrins.
RSK2 Suppresses Integrin Activation
RSK2 Inhibits Integrin-mediated Fibronectin Matrix Assembly-Integrin activation and interaction with the cytoskeleton are required for the assembly of a FN matrix on the cell surface (9). We therefore tested whether activated RSK2 alters FN matrix assembly. We examined the assembly of exogenous labeled FN on the surface of HeLa cells transfected with dominant active RSK2 or control vector. Immunostaining for the presence of fibronectin matrix formation demonstrated that activated RSK2 inhibits FN matrix assembly (Fig. 2, A and B) . To quantitatively measure this effect, we isolated DOC-insoluble fibronectin matrix and determined the amount of FN matrix via immunoblotting. This supported our observation that cells expressing dominant active RSK2 assembled much less matrix compared with their control counterparts (Fig. 2C) . Finally, in HeLa cells treated with the RSK2 inhibitor, FMK, we found a significant increase in FN matrix assembly over control Me 2 SO-treated cells (Fig. 2D) . Thus, activated RSK2 impairs fibronectin matrix assembly. RasG12V, 3 g ). Integrin activation was measured by incubating the cells with the ligand-mimetic antibody PAC1 or 3FN-(9 -11) ligand and further analysis by three-color flow cytometry. The percentage of activation is shown. The error bars represent S.E. Statistical significance was determined using one-way analysis of variance (n ϭ 3; **, p Ͻ 0.01; ***, p Ͻ 0.001). E, CHOK1 cells were transiently transfected with control vector (control) or activated DA-H-Ras (H-RasG12V, 3 g) and treated for 24 h with carrier or RSK2 inhibitors, FMK (20 M), or SL0101-1 (100 M). Integrin activation recovery was normalized versus control cells. The error bars represent S.E. Statistical significance was determined using the Student's t test. F, CHOK1 cells were transiently transfected with control vector or DA-RSK2 (RSK2-Y707A, 3 g). 48 h after transfection, the cells were subjected to a cell adhesion assay to fibronectin. Adherent cells were quantified at 1 h using UV-VIS spectrophotometer. The numbers of cells have been normalized to 100% input Ϫ a maximal number of cells that could adhere. The error bars represent S.E. Statistical analysis was determined using the Student's t test (n ϭ 6; ***, p Ͻ 0.0001). All of the experiments were performed at least three times.
RSK2 Enhances Integrin-mediated Cell Migration-Active
RSK2 regulates integrin activation and function in both cell adhesion and matrix assembly. Integrin activation can modulate migration (39) . We find that overexpression of constitutively active RSK2, in a similar manner as overexpression of active H-Ras, increased the number of cells migrating through the membrane of a Transwell plate ϳ2-fold (Fig. 3A) . Similarly, active RSK2 gradually promotes cell migration through the time course of 24 h in an in vitro scratch assay (Fig. 3B ) and resulted in a nearly 2-fold increase in scratch filling at the 24-h time point (Fig. 3C) . Additionally, in the same assay inhibition of endogenous RSK with the FMK inhibitor resulted in significantly suppressed cell motility ( Fig. 3D ; ***, p Ͻ 0.0001). The RSK inhibitors did not affect cell viability in these assays (Fig.  3E) . Inhibition of RSK with the inhibitor SL0101-1 also blocked the motility of human prostate cancer cells (DU-145). In a twochamber assay. DU-145 cells migrated significantly less when treated with SL0101-1. In contrast, migration of human mesothelioma cells (MILL) remained unaffected after treatment with the RSK inhibitor (Fig. 3F) . The viability of the cells was not significantly altered in these assays (Fig. 3G) . Thus, RSK can modulate migration in some but not all cancer cells.
RSK2 Disrupts Actin Stress Fibers and Focal Adhesions and Co-localizes with
Talin-Integrin function in cell adhesion, migration, and matrix assembly requires interaction with the actin cytoskeleton (40) . Integrin cytoplasmic tail domains associate with cytoskeletal proteins including talin, filamin A, vinculin, and ␣-actinin (40). The cytoskeletal protein associated with the integrin may, in part, determine the function of the integrin. The Ras/MAPK pathway plays an important role in cytoskeletal remodeling. Ras-transformed cells lose actin stress fibers and exhibit a round, spindle-like morphology (41) . We therefore investigated whether activated RSK2 affects cytoskeletal structure in HeLa cells. We found that expression of active RSK2 correlated with severe disruption of actin fibers (Fig. 4A) . We noted that 83% of cells transfected with active RSK2 lacked actin fibers, compared with only 19% of control cells. Importantly, we saw that RSK2 altered the localization of talin. Talin binds integrins at membrane-localized sites called focal adhesions, and this binding is required for integrin activation (24, 34) . We observed that active RSK2 altered talin localization in focal adhesions (Fig. 4B) . Although the talin was observed in punctate structures at the plasma membrane, it no longer showed the characteristic elongated localization along the tips of the actin fibers as seen in control cells. Instead, talin was observed in larger and rounded plasma membrane localized regions. Thus, the functional effects of RSK2 on integrins may result from changes in the association of the integrins or talin with the cytoskeleton.
We next determined whether endogenous RSK2 activity similarly affected actin and talin distribution in migrating cells. We plated cells on coverslips and, after they reached confluence, made a scratch. We examined talin and actin at the leading edge in cells stimulated with EGF in the presence and absence of the RSK inhibitor SL0101-1. We found that EGF stimulation leads to peripheral ruffle formation and redistribu- tion of talin at the leading edge of cells entering the scratch (Fig.  5, compare A and C) . However, when the cells are treated with SL0101-1 in addition to EGF, talin remains predominantly at the focal adhesions, and actin filaments become stabilized at the leading edge (Fig. 5, B and D) . Indeed, the actin stress fibers lack organization in these cells. Thus, endogenous RSK activity is required for redistribution of actin and talin associated with migration.
Talin binds directly to integrins (42) , and this binding is required for integrin activation (24, 26) . This interaction takes place at focal adhesions and provides a link between integrins and the actin cytoskeleton (40) . We found that endogenous RSK2 localizes at the tips of actin fibers in HeLa cells and that active RSK2 co-localized with talin, primarily at the cell membrane (Fig. 6) . Therefore, RSK2 is in a position to affect integrin activation and interaction with the actin cytoskeleton.
RSK2 Associates with Integrin Cytoplasmic Tails-
The cytoplasmic tail domains of integrins serve as anchors to the cytoskeleton and, by mediating signals from both the outside and inside of the cells, can play an important role in integrin function such as cellular adhesion or migration (40) . RSK2 co-localizes with talin. We therefore investigated whether RSK2 associated with integrin cytoplasmic tails. We used His-tagged integrin tails immobilized on Sepharose beads to pull down proteins from CHOK1 cells transfected with dominant active RSK2 (Fig. 7A) . Integrin tail expression and RSK2 transfection levels are shown in Fig. 7 (B and C) , respectively. Note that there is significant endogenous RSK2 (Fig. 7C) . We found that RSK2 associated with the integrin ␤1 and ␤7 tail proteins, whereas we saw no association of RSK2 with control ␣IIb tail proteins (Fig.  7A) . As previously reported (34), we found that both filamin and talin also associated with the tails, and active RSK2 expres-FIGURE 3. RSK2 enhances cell migration on fibronectin. A, HeLa cells were transfected with 2 g of the indicated plasmids in combination with a vector expressing ␤-galactosidase. The cells were plated in the upper chamber of a Transwell plate. The lower side of the membrane was coated with fibronectin (10 g/ml). After 6 h, the total number of transfected cells that had migrated through to the bottom of the membrane was counted in random fields using a blinded analysis. The error bars represent S.E. Statistical significance was determined using the one-way analysis of variance (n ϭ 4; ***, p Ͻ 0.0001). B and C, HeLa cells were transiently transfected with activated RSK2 or control vector. 24 h later, the cell monolayer was scratched with a micropipette tip. The scratch filling process was documented using Zeiss Axiovert 200M inverted microscope. B, the total number of cells that migrated into the scratch area was counted at various time points. C, relative scratch filling rate was calculated at 24 h. The inset shows a representative image of scratch after 24 h of recovery time. The error bars represent S.E. Statistical significance was determined using Student's t test (n ϭ 4; ***, p Ͻ 0.001). D, HeLa cells were treated with either the RSK2 inhibitor FMK (20 M) or Me 2 SO (DMSO) as a carrier control, and the cell monolayer was scratched with a micropipette tip. The scratch filling process was determined by phase imaging using a Zeiss Axiovert 200M inverted microscope. The total number of cells that migrated into the scratch area was counted at 24 h. The error bars represent S.E. Statistical significance was determined using the Student's t test (n ϭ 9; ***, p Ͻ 0.0001). E, HeLa cell viability in these assays upon exposure to FMK (20 M) or SL0101-1 (100 M) was determined by XTT assay. Shown is the relative viability corrected to a treatment with the carrier control (n ϭ 3). F, migration of cancer cell lines (DU-145 and MILL) upon exposure to SL0101-1 (100 M) was determined using a two-chamber migration assay with fibronectincoated inserts and EGF as chemoattractant. After 20 h, the cells that migrated to the bottom side of the insert were stained with Calcein-AM and quantified measuring the fluorescence emission at 520 nm. G, cell viability upon exposure to SL0101-1 (100 M) was determined by XTT assay. F and G, bar graphs show the relative amount of migration or relative viability compared with cells treated with the carrier EtOH. The error bars represent S.E. Statistical significance was determined using the Student's t test (n ϭ 3; ***, p Ͻ 0.0001). sion did not affect this interaction (Fig. 7A) . We next examined whether RSK2 bound to the NPXY mutant (Y788A) of the ␤1 tail that does not bind talin. We found that RSK2 also binds this mutant, whereas talin did not, indicating that RSK2 binds integrin tail complexes independently of talin (Fig. 7D) . Endogenous RSK2 co-localized with talin by immunofluorescence and overexpressed activated DA-RSK2 binds integrins tail complexes. We next determined whether endogenous RSK2 can bind the integrin tail complex and whether RSK2 activity affects this binding. To address this question, we examined integrin tail binding of endogenous RSK2 from CHO cells where RSK2 is activated by EGF or its activation is blocked by the MEK inhibitor U0126. We found that endogenous RSK2 binding to the tails is unaffected by EGF stimulation, and both the phosphorylated RSK2 and nonphosphorylated RSK2 can bind the purified tails (Fig. 7E) .
Talin proteolysis by the calcium-dependent protease calpain alters cell adhesion and migration (43, 44) . Calpain cleavage of intact talin was reported to release the talin head domain and increase talin binding to integrin ␤ tails (45) . We investigated whether the enforced expression of dominant active RSK2 affects talin cleavage. We found no difference in talin cleavage in the cells expressing constitutively active RSK2 compared with control cells. We also report no difference in cleavage of either filamin A phosphorylated at an RSK2 substrate site (Ser-2152) or total filamin A (Fig. 7F) .
RSK2 Phosphorylates Filamin A and Promotes Its Binding to
Integrin Tails-To further investigate how RSK2 modulates integrin activation, we examined whether purified RSK2 could phosphorylate proteins that bind the integrin tails. We found that a band of 260 -280 kDa was phosphorylated (Fig. 8A) . This corresponds to the size of filamin (280 kDa) or talin (260 kDa). FIGURE 5. RSK2 activity is required for actin and talin rearrangements that promote migration. HeLa cells were seeded on fibronectin-coated glass coverslips and allowed to grow to confluence. Growth medium was then replaced with medium containing 0.5% serum and incubated overnight. The coverslips were scratched with a micropipette tip and then treated with vehicle (A), SL0101-1 (100 M) (B and D), or EGF (100 ng/ml) (C and D) and allowed to incubate an additional 2 h followed by fixation. The coverslips were then stained with phalloidin and antibody against talin to visualize actin and focal adhesions by confocal microscopy. Treatment with EGF leads to peripheral ruffle formation and redistribution of talin. However, when the cells are treated with SL0101-1 in addition to EGF, talin remains predominantly at the focal adhesions, and actin filaments become stabilized at the leading edge. The scale bars shown represent 25 m.
We therefore determined whether RSK2 could directly phosphorylate talin and RSK2. Purified active RSK2 did not phosphorylate talin but did phosphorylate filamin A as previously reported (46, 47) (Fig. 8B) . We further showed that the site phosphorylated was identical to that previously reported (Ser-2152; Fig. 8C ). Phosphorylation at this site had been previously reported to affect cell migration, but no mechanism was identified. We tested the hypothesis that the phosphorylation might alter filamin binding to the integrin tails. Indeed phosphorylation of filamin by active RSK2 promoted binding of filamin to the integrin tails (Fig. 8D) . If RSK2 activity is required to promote filamin binding to the tails, then inhibition of RSK2 should impair filamin binding. We therefore incubated CHOK1 cells in the RSK2 inhibitor SL0101 and then ran lysates from these cells over our tail proteins. We found that filamin from cells where RSK2 was inhibited failed to bind the tails, whereas control carrier-treated cells contained filamin that could bind (Fig. 8E) . Therefore, RSK2 activity is required for filamin binding to integrin tails.
RSK2 Is Activated upon Integrin Ligation to Fibronectin-Integrins play a principal role in regulation of cell migration. They not only act as adhesion receptors but also initiate multiple signaling cascades including Ras activated pathways (5). We therefore examined whether integrin ligation altered activation of endogenous RSK2 in CHOK1 cells. Indeed, we found that RSK2 was activated in response to integrin engagement of fibronectin (Fig. 9A) . Interestingly, both autophosphorylation at Ser-386 and tyrosine phosphorylation, thought to be mediated by Src (48), at Tyr-529 increase after replating cells on fibronectin. This suggests that integrins may activate a feedback loop upon binding to extracellular matrix that leads to inactivation of other integrins perhaps contributing to a cycling of activation during migration. RSK2 therefore can dynamically regulate integrin activation.
DISCUSSION
Modulation of integrin affinity for ligand is important in a broad array of cellular functions including adhesion, migration, signal transduction, and the assembly of extracellular matrix. Changes in integrin activation are also linked to diverse diseases including cancer metastasis (1) . Therefore, understanding the regulatory mechanisms involved is essential in development of novel cancer therapeutics. Here we report that RSK2 regulates integrin activation and mediates the suppression of integrin activity by the oncogene H-Ras. The functional consequence of RSK2 regulation of integrins is inhibition of fibronectin matrix assembly, inhibition of cell adhesion, and enhancement of cell migration. Our data indicate that RSK2 in both its active and inactive state can localize to the complex of proteins binding the integrin ␤ tails. RSK2 can bind the NPXY ␤1 integrin mutant and thereby bind the tail complex in the absence of talin. Therefore, upon activation, RSK2 can immediately phosphorylate filamin A and thus promote its binding to integrin tails. This in turn alters interaction of the tail-binding complex with the actin cytoskeleton, thereby disturbing the formation of actin stress fibers (Fig. 9B) . It is noteworthy that although we saw a clear increase in filamin binding to the tails, we did not see a significant change in talin binding in either our immunofluorescense or tail pulldown assays. It may be that filamin A binding to the tails displaces talin head domain association with the integrins as reported (49) but that talin remains associated with the integrins through interactions at its other integrin binding sequences in the rod domain. This remains to be determined. Finally, integrin ligation activates RSK2 and may be involved in dynamic regulation of integrin activity during cell adhesion and migration. We propose that RSK2 function in migration and metastasis is mediated in part by changes in integrin affinity for extracellular matrix proteins.
The H-Ras activated MAPK pathway suppresses integrin activation by a transcription-independent mechanism (7). This suppression does not require bulk activation of ERK1/2 MAP kinase, nor was it reversed by an inhibition of ERK activation (10) . This effect is suppressed by a protein called PEA-15 (30) . We previously reported that PEA-15 binds to and inhibits RSK2 function when overexpressed (50) . Interestingly PEA-15 also blocks cell migration and metastasis (51, 52) . It is therefore possible that PEA-15 will affect integrins because of its inhibition of RSK2 function. We also found that a Raf construct that does not bind MEK or activate ERK could nevertheless inactivate integrins. This is in agreement with previous reports that ERK activity is not required for Ras or Raf suppression of integrin activation (10) . This further establishes that Raf may use ERK-independent signaling routes to inhibit integrins. ). 48 h after transfection, the cells were lysed and incubated with bead-bound purified integrin cytoplasmic domains. A, precipitated proteins were detected by immunoblotting as indicated. B, bead-bound purified integrin cytoplasmic tail expression was verified by Coomassie staining. C, RSK2 transfection efficiency was verified by immunoblotting of whole cell lysates. D, CHOK1 cells were transfected as in A. Bound RSK2 and talin were detected by immunoblotting as indicated. E, serum-starved CHOK1 cells were treated with EGF (50 m), MEK inhibitor (U0126, 10 M), or carrier alone (Me 2 SO). The cells were lysed and incubated with bead-bound purified integrin cytoplasmic domains. Bound protein was analyzed by immunoblotting to determine the amount of pS386-RSK2 or total RSK2 bound. F, degradation of talin was determined by immunoblotting using an antibody specific to the talin head domain (Talin -H) or an antibody that recognizes an epitope in the talin rod domain. Degradation of filamin A phosphorylated at Ser-2156 and total filamin A were verified by immunoblotting of whole cell lysates. All of the data are representative of experiments performed at least three times.
The suppressive effect that RSK2 has on integrin activation also impairs integrin function. Dominant active RSK2 blocks cell adhesion and greatly impairs integrin-mediated fibronectin matrix assembly, thereby promoting a highly motile, invasive metastatic phenotype in transfected cells. Furthermore, the constitutively active RSK2 significantly increases cell migration, whereas inhibition of endogenous RSK2 with FMK inhibitor results in suppressed cell motility. These data are in agreement with recent reports that RSK2 acts as a principal regulator of the invasive phenotype of epithelial cells, as well as a key promoter of human head and neck cancer metastasis (13, 15) .
Raf suppression of integrin activity is independent of transcription, and it is thus likely that RSK2 effects on integrin activity are similarly transcription independent. Moreover, we found that a Raf mutant that activates RSK2 independently of MEK and ERK nevertheless suppresses integrin activation and enhances migration in a manner similar to that of RSK2. We therefore suggest that RSK2 mediates Raf-driven migration in a manner independent of transcription.
In addition to enhanced migration, we also demonstrated that expression of active RSK2 disorganizes the actin cytoskeleton and disrupts focal adhesions. The effect is similar to that of active H-Ras, which also disrupts focal adhesions and the actin cytoskeleton (41) . Both extracellular matrix assembly and focal adhesion formation require integrin interaction with the cell cytoskeleton (9, 22) and are increased by integrin interactions with talin (34, 53) . Thus, RSK2 appears to alter integrin activation by interfering with the interaction of talin, filamin, and potentially other cytoskeletal proteins with the integrin and the actin cytoskeleton.
Additionally we find that RSK2 co-localizes with the integrin activator talin and is present in the complex at integrin cytoplasmic tails. RSK2 is therefore in a location where it can directly modulate regulation of integrin activation. Importantly, the integrin tails themselves do not contain consensus sequences for RSK2 phosphorylation, and RSK2 does not phosphorylate them directly. Talin and filamin A are actin-binding proteins that form the cytoplasmic face of focal adhesions (54); however, their role in the actin cytoskeleton complex differs significantly. Filamin A associates with microfilament bundles, and the stress fiber ends at focal contacts and stabilizes actin filament aggregates (54) . Talin nucleates, caps, and cross-links actin filaments and serves as the structural component of cellmatrix adhesions but not cell-cell contacts (54) . Our observation of the disruptive effect RSK2 has on cytoskeleton arrangement and its suppressive effect on integrin affinity suggest that RSK2 affects talin function in focal adhesions. For example, it may affect talin translocation to newly formed focal adhesions. This subcellular translocation was reported previously to accompany increases in talin phosphorylation (54 -56) . We find that RSK2 phosphorylates filamin at serine 2152 as previously reported (46, 47) but does not phosphorylate talin. Phosphorylation of filamin leads to increased filamin binding to the integrin tails, and this corresponds to the inactivation of the integrin, as well as changes in the actin cytoskeleton. We did not find differences in talin binding to the integrin tails in response to RSK2 activity, and indeed, it appears that talin remains associated with the integrin tails in the presence of active RSK2. We hypothesize that increased filamin binding to the integrins displaces the talin head domain as previously reported (49) but that talin persists in the complex because of other interactions. Thus, RSK2 may modulate integrin activation in part through direct phosphorylation of filamin.
We conclude that RSK2 suppresses integrin activation downstream of the oncogene H-Ras. Both RSK2 and changes in integrin activation are linked to cancer metastasis. Therefore, because of its involvement in the regulation of integrin activation and its role in promoting a motile, metastatic cell phenotype, RSK2 is a potentially interesting target for antimetastasis therapies. A, integrin tail complexes were prepared by incubating serumstarved CHOK1 cell lysates with integrin cytoplasmic domains bound to beads. They were then washed and incubated with purified active RSK2 in a kinase buffer with [␥-
32 P]ATP. The autoradiograph is shown. B, RSK2 phosphorylation of talin and filamin A was determined similarly by a kinase assay using [␥-32 P]ATP. HA-tagged talin was immunoprecipitated from lysates prepared from serum-starved CHOK1 cells that were transiently transfected with HA-talin (3 g) or HA-talin (S1641A) (3 g). Alternatively, recombinant GSTfilamin A (10 g) and phospho-mutant GST-filamin A (S2152A) (10 g) were also examined. C, RSK2 phosphorylation of recombinant GST-filamin A (10 g) and phospho-mutant GST-filamin A (S2152A) (10 g) was further tested by immunoblotting with an antibody specific for Ser-2152 phosphorylated filamin. The bottom panel represents a Coomassie stain of purified glutathione-agarose-bound filamin A proteins. D, lysates from serum-starved CHOK1 cells were incubated with purified RSK2 or control in kinase buffer. Filamin binding to the tails was determined by immunoblot (IB). E, CHOK1 cells were incubated with RSK2 inhibitor (100 M) or control carrier ethanol for 30 min. Lysates from these cells were then run over integrin cytoplasmic tail proteins to determine filamin A binding to integrin ␤7, ␤1, and ␤1 (NPXA) mutants. Input of 5% served as a control for the presence of filamin A and RSK2.
